ABSTRACT. In order to increase the efficiency of cacao tree resistance to witches' broom disease, which is caused by Moniliophthora perniciosa (Tricholomataceae), we looked for molecular markers that could help in the selection of resistant cacao genotypes. Among the different markers useful for developing marker-assisted selection, single nucleotide polymorphisms (SNPs) constitute the most common type of sequence difference between alleles and can be easily detected by in silico analysis from expressed sequence tag libraries. We report the first detection and analysis of SNPs from cacao-M. perniciosa interaction expressed sequence tags, using bioinformatics. Selection based on analysis of these SNPs should be useful for developing cacao varieties resistant to this devastating disease.
ABSTRACT. In order to increase the efficiency of cacao tree resistance to witches' broom disease, which is caused by Moniliophthora perniciosa (Tricholomataceae), we looked for molecular markers that could help in the selection of resistant cacao genotypes. Among the different markers useful for developing marker-assisted selection, single nucleotide polymorphisms (SNPs) constitute the most common type of sequence difference between alleles and can be easily detected by in silico analysis from expressed sequence tag libraries. We report the first detection and analysis of SNPs from cacao-M. perniciosa interaction expressed sequence tags, using bioinformatics. Selection based on analysis of these SNPs should be useful for developing cacao varieties resistant to this devastating disease. the detection of a virtually limitless number of molecular markers covering the whole genome of an organism (Cho et al., 1999; Picoult-Newberg et al., 1999) . Herein, we report the first detection and analysis of SNPs in ESTs from the cacao-Moniliophthora perniciosa interaction using in silico detection. These SNPs may be considered as potential markers for subsequent use in MAS breeding programs of cacao for witches' broom resistance.
One hundred and fifty-three genes potentially related to plant-pathogen interaction were selected from cacao-M. perniciosa interaction libraries available in our laboratory (UESC and CEPLAC projects granted by FAPESB and CNPq; Gesteira et al., 2007) (Table 1 ) and re-sequenced twice in forward direction on ABI3100 using the primer M13-F 5'-TAAAACGACGGCCAGT-3' and the Big DyEnamic Terminator V. 3.0 kit according to manufacturer instructions (Applied Biosystems/http://www3.appliedbiosystems.com/ABHome/index.htm) to eliminate sequencing artifacts. Each sequence was analyzed as follows: i) the largest sequenced stretch with Phred quality 10 was extracted using a Perl script (Ewing et al., 1998) , ii) the plasmid vector sequence with cross-match (-minmatch 20, -minscore 5) was removed, and iii) the poly(A) tail was removed. Potential sequencing errors were eliminated by comparing the several runs and electropherograms obtained for each individual gene. Jones et al., 2002; Verica et al., 2004) by BLASTX and TBLASTX, adopting an expected value ≤1.10 -4 as being significant. TSH1188 sequences showing similarity and having a size larger than 170 bp were used as reference sequences in the alignment process with similar sequences from the other cDNA libraries using the CLUSTAL W program (http://align.genome.jp/; Thompson et al., 1994) . The results of the alignment were processed with the CLOURE-D program (Kohli and Bachhawat, 2003) allowing the identification of putative SNPs.
The identification of SNPs by sequence alignment is a very quick and interesting method for comparing sequences from different genotypes. On the other hand, the method of sequence alignment is dependent on the availability of sequences in the database and does not identify mistakes due to sequencing. However, in our case, those difficulties were eliminated by the existence of a cacao library of sequencing data obtained in several previous studies (Jones et al., 2002; Gesteira et al., 2007; Verica et al., 2004) and current work carried out by the CEPLAC re-search group, and by the adopted strategy of re-sequencing the selected gene for SNPs identification. After trimming, sequence analysis and alignment, processed with the program CLOURE D, only 44 (28.75%) sequences showed potential for SNP identification. The 44 sequences showed a total of 164 substitutions between the genotypes analyzed. To prevent the detection of false SNPs, only alignments containing four or more overlapping sequences were analyzed for polymorphism. Still, to avoid false SNPs and improve the quality of data, only putative SNPs that had a redundancy of two or more per alignment were chosen. This strategy has been adopted in other studies involving the in silico detection of SNPs (Brumfield et al., 2003; Batley et al., 2003) . Thus, of 44 sequences only 27 (61.36%) were used to detect SNPs, and only 11 sequences (25%) showed the criteria described above, giving a total of 71 putative SNPs (Table 2) .
Nineteen putative SNPs were found in two genes of translationally controlled tumor protein homolog (TCTP), 15 putative SNPs in the putative senescence-associated protein gene, three putative SNPs in the pentameric polyubiquitin gene, and one putative SNP in the ankyrin repeat protein family gene (Table 2 ). All these genes are involved in abiotic stimuli and development. Sixteen putative SNPs were identified in the proline-rich protein gene, which belongs to the miscellaneous functional class. Ten putative SNPs were identified in non-cellautonomous heat shock cognate protein 70 gene, and one putative SNP in the CuZn-superoxide dismutase gene; these two genes are involved in signal transduction and post-translational regulation. Three putative SNPs were identified in putative calmodulin-binding protein gene, which is involved in secondary metabolism and hormone metabolism. In the superoxide dismutase and thioredoxin H-type (TRX-H) genes, involved in primary metabolism, there were two and one putative SNP identified, respectively (Table 2) .
Because some of these genes belong to multigene families, it may be possible that some of the putative SNPs identified may represent differences between the members of a gene family, rather than differences between alleles. Most of the putative SNPs were found in genes involved in abiotic stimuli and development (54%), miscellaneous (23%), signal transduction and post-translational regulation (15%), secondary metabolism and hormone metabolism (4%), and primary metabolism (4%) (Figure 1) . Table 2 . Function of 71 putative single nucleotide polymorphisms (SNPs) identified in this study.
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Considering the criteria of redundancy (i.e., the frequency of a given SNP in an alignment), of the 71 putative SNPs obtained, 35 had a redundancy of 3. In the same way, 7 putative SNPs had a redundancy of 2, 6 a redundancy of 6, 6 a redundancy of 8, and 5, 4 and 2 a redundancy of 10, 15 and 13, respectively. Putative SNPs with redundancy 4, 5, 7, 12, 22, and 28 were observed only once (Table 2 ). Transition and transversion SNP types were encountered in all the libraries analyzed, although the transition type appeared with a higher frequency than did the transversion one (62% of transitions, 38% of transversions; Figure 2) . SNP identification has also been observed in other crops (Picoult-Newberg et al., 1999). As a transversion generates a distortion of DNA molecule width and, consequently, may generate serious functional damage in the cell, it has been suggested that this kind of mutation is either rarer or more difficult to be corrected by the DNA system repair (Calcagnotto, 2001) . Of the putative SNPs of the transition type (Figure 2) , the most represented corresponded to the substitution of guanine for adenine (A/G; 24%), followed by substitution of cytosine for thymine (T/C; 17%) and adenine for guanine (G/A; 13%). Of the putative SNPs of the transversion type substitution, 10% were substitutions of thymine for guanine (G/T) and 7% of adenine for cytosine (C/A). The other 29% corresponded to G/A transitions and T/G, A/C, T/A, G/C, A/T, and C/G transversions (Figure 2 Gesteira et al. (2007) and Figure 3 of this study.
The position of the 71 SNPs was determined with respect to the open reading frame (ORF) of the corresponding ESTs, and categorized in non-synonymous (leading to amino acid alteration) or synonymous (without amino acid alteration) mutation by scanning sequences for ORFs using the ORF Finder script (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) (Figure 3) . A high frequency of SNPs was found in the ORF (44%) and in the 5'UTR (untranshigh frequency of SNPs was found in the ORF (44%) and in the 5'UTR (untranslated region) (32%) while no SNPs were observed in the 3'UTR. Twenty-four percent of the SNPs were not located with precision in relationship to the ORF ( Figure 3A) . The condition of forward sequencing may explain the absence of SNPs in the 3'UTR; the 5'UTR was sequenced, and the 3'UTR was, nevertheless, either partially sequenced or not sequenced depending on the length of the ORF, making it difficult to detect SNPs in this region. The presence of a great amount of SNPs in ORFs was unexpected and contradicted previous works showing that the UTRs have a higher frequency of SNPs than does the rest of the genome (Zhu et al., 2001; Ching et al., 2002) . The presence of SNPs in the transcripts of genes suggests that they could play a role in gene expression or function.
In our study, the frequency of polymorphisms in the cacao ESTs is one putative SNP per 223 bp in non-coding regions, and one putative SNP per 71 bp in the coding regions. In maize, the frequency of polymorphisms in the US elite inbreeding lines is one SNP per 31 bp in non-coding regions, and one SNP per 124 bp in the coding regions (Ching et al., 2002) . In soybean, a study of sequence diversity in 22 diverse genotypes found 1.64 SNPs per kb in coding regions, and 4.85 SNPs per kb in non-coding regions (Zhu et al., 2001) . As observed in Figure 3B , we found more frequent synonymous SNPs (42%) than non-synonymous SNPs (34%). SNPs, when synonymous, can change the structure and stability of the messenger RNA, whereas non-synonymous can change the structure and function of the protein and consequently affect the amount of protein produced and presence of deleterious mutations. Furthermore, SNPs can promote changes in the pattern of gene expression (such as changes in promoter sequences), generation or deletion of termination codons and amendment of the codons for initiation of translation (Guimarães and Costa, 2002) . The higher frequency of synonymous SNPs compared to non-synonymous SNPs found herein, indicates a possible selection against deleterious mutations (Zhu et al., 2003) . It has been reported in other studies that synonymous SNPs occur more often than non-synomymous ones (Calcagnotto, 2001) .
Taking into account the initial number of sequences (153) selected for polymorphism analysis, the numbers of putative SNPs (71; 0.46 SNP per sequence) detected in our study are the same or higher than observed in other studies. For example, in barley, a total of 3069 candidate SNPs were obtained from the analysis of detection algorithm (SNiPpER) in 8171 EST sequences (0.37 SNP per sequence; Kota et al., 2003) . In Lycopersicon esculentum, it was possible to obtain 101 potential SNPs from 1245 contigs, using in silico detection (0.08 SNP per sequence; Yang et al., 2004) . Several methods have been used for SNP identification and, among them, discovering SNPs through data sequencing seems to be the most promising, efficient and rapid method (Gu et al., 1998) . Moreover, the identification of SNPs from ESTs appears to be a potent approach to investigate markers in coding sequences and to relate markers to cellular function. Here, as prerequisite for use in cacao breeding, we report the first detection and analysis of SNPs from cacao-Moniliophthora perniciosa interaction ESTs using bioinformatics.
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